Summary The invasiveness of MCF-7 human mammary carcinoma cells was tested in vitro via confronting cultures with embryonic chick heart fragments. Invasive (e.g. MCF-7/6) and non-invasive (e.g. MCF-7/AZ) variants were detected. Automated image analysis of time-lapse video-microscopy recordings showed that the plasma membrane ruffling activity of the invasive MCF-7/6 variant was higher than the ruffling activity of the non-invasive MCF-7/AZ variant. Addition of all-trans-retinoic acid to the culture medium (10-6 M) inhibited both invasion and ruffling of MCF-7/6 cells, while MCF-7/AZ cells became invasive and acquired an increased ruffling by the same type of treatment. A similar opposite effect on MCF-7 cells was not found after treatment with other ligands of the nuclear steroid/thyroid receptor superfamily. Triiodo-l-thyronine (up to 10-5 M) and P-oestradiol (up to 10-6 M) did not alter the invasiveness of the cells, while dexamethasone (10-6 M) and the pure anti-oestrogen ICI 164,384 inhibited both invasion and ruffling. Our data show that retinoic acid can modulate invasiveness in opposite directions.
Invasion marks the difference between benign and malignant human mammary tumours. Oestrogens have been reported to stimulate the invasiveness of human mammary carcinoma cell populations (Albini et al., 1986) , and this effect is presumably mediated by intracellular oestrogen receptors. The gene encoding the oestrogen receptor belongs to the steroid/thyroid receptor gene superfamily. Among the gene products of this superfamily, receptors can be found for retinoic acid, thyroid hormone and corticosteroids (Robertson, 1987; Petkovich et al., 1987; Giguere et al., 1987) . Since overlapping gene activation has been described for some of these receptors (Umesono et al., 1988) , we decided to study the effect of their different ligands on invasion.
MCF-7 cells were used to study those effects on invasion. Established in vitro from a pleural effusion (Soule et al., 1973) , these human cells have kept a number of features of mammary carcinomas ever since. Firstly, they possess fully characterised oestrogen receptors (Ponglikitmongkol et al., 1988) , and their proliferation in vitro is modulated by oestradiol and by other ligands of the steroid/thyroid receptor superfamily (Barnes & Sato, 1979) . Secondly, clonal variation was detected in MCF-7 cells (Seibert et al., 1983; Resnicoff et al., 1987) , and we wondered whether this variation might also be reflected via differences in invasiveness among MCF-7 cell populations. The disposal of invasive and non-invasive variants would then allow the detection of both inhibitory and stimulatory effects on invasion by receptor ligands.
The assay for invasion in vitro consisted of confronting cultures between MCF-7 cell aggregates and embryonic chick heart fragments. This assay appears to be relevant to at least a number of aspects of invasion in vivo (Mareel et al., 1987) . Since cell motility is probably one of the key factors of the invasion mechanism (Liotta, 1986) patterns, oestrogen and progesteron receptor levels, intermediate filament typing and immunocytochemistry with monoclonal antibodies against MCF-7 cells, confirmed the human breast origin and the MCF-7 identity of both MCF-7/AZ and MCF-7/6 cells (Coopman et al., in press). Transmission electron micrographs showed similar characteristics as those described for MCF-7 cells by Seibert et al. (1983) and by Vic et al. (1982) . Both MCF-7 variants had not been subjected to genetic manipulation nor to any deliberate epigenetic selection pressure.
Assay for invasion
We used the assay described by Mareel et al. (1979) . Briefly, embryonic chick heart fragments were precultured and selected for a diameter of 0.4mm. These precultured heart fragments (PHF) were confronted with spheroidal aggregates of MCF-7 cells (diameter = 0.2 mm). After an overnight incubation on top of semi-solid agar, the confronting pairs were cultured in suspension during 4 to 14 days. The type of culture medium was the same as the one used for maintaining the cells. After fixation in Bouin-Hollande's solution, the cultures were embedded in paraffin, serially sectioned and stained with hematoxylin-eosin (Romeis, 1968) . In alternating sections PHF were stained immunohistochemically with a polyclonal antiserum against chick heart (Mareel et al., 1981) . The interaction between MCF-7 cells and PHF was evaluated histologically.
Assay for growth Growth of the confronting cultures was measured as described earlier (Bracke et al., 1984) (Wakeling & Bowler, 1987) . Different concentrations ranging between 0 and 10-6 M (and 10-5 M for l-T3) were tested, and treated cultures were compared with solvent controls (up to 0.1% dimethyl sulfoxide v/v for I-T3, Dex and ICI 164,384; up to 0.1% ethanol v/v for RA and E2). In a number of cultures foetal bovine serum was replaced by 5% (v/v) of the commercially available serum substitute Ultroser G (USG; IBF, Villeneuve-la-Garenne, France, cat. no. 250902). Ultroser G contains high levels of growth factors, I-T3, E2 and cortisol. Retinoic acid, however, was undetectable with the method of Van Wauwe et al. (1990) . Confronting cultures were treated by adding the drugs to the culture medium at the start of the suspension culture, and the medium was not refreshed throughout the incubation period (8 days).
In the assay for fast plasma membrane movements, the drugs were added to the culture medium 3 days after plating of the cells. Measurements were done after 1 day (for I-T3 and EA, after 3 days (for RA and Dex) or after 7 days (for ICI 164,384 and USG) of treatment.
Statistics
The number of cultures in each group is indicated in the Results section. The following statistical methods were used: the chi-square test to compare invasiveness of different groups, Student's t-test for growth data and the one-tailed Mann-Whitney U test for the comparison of cell motility data (Mendenhall, 1978) .
Results

Invasion of MCF-7 cells
Histological analysis of confronting cultures between MCF-7 cell aggregates and PHF revealed a striking difference in invasiveness between MCF-7/AZ and MCF-7/6 cells. After 8 days of incubation the MCF-7/6 cells had occupied and replaced the heart tissue: they met the criteria of invasion in 63 out of 83 cultures. MCF-7/AZ cells, however, had kept the PHF unaltered after the same period of incubation: no signs of invasion were observed in any of the 57 cultures analysed. The difference in invasiveness between the MCF-7 variants was evident in sections stained with hematoxylineosin, and could be demonstrated even better after immunohistochemical detection of chick heart antigens ( Figure 1 (Figure 2 ). MCF-7/AZ cells remained non-invasive and MCF-7/6 cells remained invasive with I-T3 (up to 1O-5M) and E2 (up to 10-6 M). Dex (at 10-6 M), however, inhibited invasion of MCF-7/6 cells without inducing invasion in MCF-7/AZ cells. Addition of the pure anti-oestrogen ICI 164,384 (10-6 M), and replacement of foetal bovine serum by USG both had an anti-invasive effect. Figure 2 shows the lack of correlation between the effect of the different ligands on growth and on invasion. RA inhibited growth and stimulated invasion of MCF-7/AZ cells, while USG stimulated growth and inhibited invasion of MCF-7/6 cells.
Growth of confronting cultures
Fast plasma membrane movements In contrast with growth, this parameter appeared to correlate well with invasion. Time-lapse videomicroscopy recordings of MCF-7 cells cultured on tissue culture plastic substrata showed that MCF-7/6 cells ruffled more intensively than MCF-7/AZ cells. After image processing and quantification of fast plasma membrane movements, statistical analysis confirmed that this motility was indeed significantly higher with MCF-7/6 cells than with MCF-7/AZ cells (P= 0.0005).
RA, added to the culture medium at 10-6 M, showed opposite effects on the two MCF-7 variants: fast plasma membrane movements were enhanced with MCF-7/AZ cells (P<0.01), and inhibited with MCF-7/6 cells (P=0.0004) (Figure 3) , as was evident from viewing on video films also. So, ruffling activity of the plasma membrane was modulated in the same direction as invasiveness.
With l-T3 ruffling activity was not altered. E2 lowered ruffling activity somewhat -but not significantly -in MCF-7/AZ cells, whereas it significantly stimulated ruffling in MCF-7/6 cells. Dex, ICI 164,384 and USG inhibited the ruffling of MCF-7/6 cells.
These experiments indicated that an induction of invasiveness correlated with a stimulation of ruffling activity, while inhibitory effects on invasion were accompanied by an inhibition of ruffling.
Discussion
The main finding of our study is the opposite effect of RA on the invasiveness of two MCF-7 variants in vitro: the non-*A rapid method for quantification of fast plasma membrane move- invasive variant became invasive, and the invasive variant behaved as a non-invasive one during treatment with RA. This opposite effect was also observed on plasma membrane ruffling of both MCF-7 variants. Opposite effects on invasion in vitro have been described with pertussis toxin (Verschueren et al., 1989) , with an alkyllysophospholipid (Bolscher et al., 1986; Bolscher et al., 1988) , and with phorbol ester (Fridman et al., 1990) , but, to our knowledge, not with RA. The inhibition of invasive cell populations with RA is in accordance with reports describing effects of this molecule on invasion through the chorioallantoic membrane (Fazely et al., 1985) , through reconstituted basement membrane (Nakajima et al., 1989) and through human amnion basement membrane (Fazely et al., 1988) in vitro. Retinoids also inhibit metastasis of human carcinoma cells in nude mice (Fraker et al., 1984; Halter et al., 1988 ). An invasion inducing effect of RA on constitutively noninvasive cells, however, has not been published, although Boutwell and Verma (1981) have demonstrated an increased incidence of mouse skin carcinoma formation by RA.
The opposite effect of RA on invasion correlated with its effect on plasma membrane ruffling. Cell motility is considered as a crucial activity during invasion (Strauli & Haemmerli, 1984) . Many kinds of cell phenomena that modulate motility in a direct or indirect way, are regulated by retinoids. Examples of these phenomena are the production of extracellular matrix (Pohl et al., 1988; Tammi et al., 1989) and cell attachment to the matrix (Kato & De Luca, 1987; Edward et al., 1989) , the cohesion of cells via junctions (Mehta et al., 1989) , changes in the rigidity of the plasma membrane as a result of transglutaminase activity as described for keratinocytes (Davis et al., 1988) , and changes in the composition of the cytoskeleton (Wood et al., 1988; Rutka et al., 1988; Jetten et al., 1989 (Van Roy et al., 1990) . The factor(s) in the synthetic serum substitute USG which is (are) responsible for inhibition of both invasion and ruffling activity cannot be indicated up to now. The high level of cortisol in USG may be one of the candidates, since another glucocorticoid (Dex) inhibited invasion and ruffling very efficiently. No correlation was found between growth of the cultures and invasion. This observation is in line with the concept that growth and invasion of tumour cells are basically independent activities (Mareel et al., 1982) . Growth of confrontations in suspension culture is the net result of a number of phenomena such as cell proliferation, changes in cell volume, invasion of PHF by confronting cells and cell detachment from the confrontation. The growth stimulation by USG may be the result of an increase of the proliferation rate, of a decreased detachment due to a higher cohesion or of both, since USG appears to contain both growth factors and adhesion factors, as stated in the product information supplied by the manufacturer.
A possible correlation between the effects of RA on invasion and on proteolysis of extracellular matrix is now under study. Interestingly, the number of plasmin receptors on the plasma membrane of the invasive MCF-7/6 variant is about five times higher than the number on the non-invasive MCF-7/AZ cells (Correc et al., 1990) . Opposite effects of RA n v~i I on the expression of plasminogen activators in different cell types have been reported (Neuman et al., 1989; Hendrix et al., 1990) .
Our results indicate that the invasiveness of cell variants, derived from the same tumour, can be modulated by ligands of the steroid/thyroid receptor superfamily. The observation that RA can modulate variants in an opposite direction, suggests that the expression of the invasive phenotype of a tumour population can be determined by its hormonal environment. It also suggests that the type of effect (stimulatory or inhibitory) largely depends on the cells involved.
